One advantage of the use of peripheral blood stem cells (PBSCs) over autologous bone marrow would be a reduced risk of tumor cell contamination. However, the level of neoplastic cells in the PB of multiple myeloma (MM) patients after mobilization protocols is poorly investigated. In this study, we evaluated PB samples from 27 pretreated MM patients after the administration of high dose cyclophosphamide (7 g/m2 or 4 g/m2) and granulocyte-colony stimulating factor for the detection of myeloma cells as well as hematopoietic progenitors. Plasma cells containing intracytoplasmic Ig were counted by microscope immunofluorescence after incubation with appropriate antisera directed against light-and heavy-chain Ig. Moreover, flow cytometry studies were performed t o determine the presence of malignant Blineage elements by using monoclonal antibodies against the CD19 antigen and the monotypic light chain. Before initiation of PBSC mobilization, circulating plasma cells were detected in all MM patients in a percentage ranging from 0.190 t o 1.8% of the mononuclear cell fraction (mean value, 0.790 ? 0.4% SD). In these patients, a higher absolute number of PB neoplastic cells was detected after chemotherapy and granulocyte colony-stimulating factor. Kinetic analysis showed a pattern of tumor cell mobilization similar to that of normal hematopoietic progenitors with a maximum peak falling within the optimal time period for the collection of PBSCs. The absolute number of plasma cells showed a 10-t o 50-fold increase as compared with the baseline value. Apheresis products contained 0.7% f 0.290 SD of myeloma cells (range, 0.2% t o 2.7%). Twenty-three MM patients were submitted t o PBSC collection. In 10 patients, circulating hematopoietic CD34' cells were highly enriched by avidin-bio-ULTIPLE MYELOMA IS a B-cell-derived neoplastic disease that is generally associated with the expansion of mature plasma cells, monoclonal Ig production, and multiple osteolytic lesions.' Because of the limitations of conventional therapeutic approaches, several myeloablative radiochemotherapy regimens followed by the reinfusion of autologous stem cells have been proposed.*" Those early trials have shown that the use of autologous stem cells has dramatically reduced the morbidity and mortality of highdose therapy-related procedures. Moreover, the addition of total body irradiation (TBI) and the increase of the dose of melphalan to 200 mg/m2 have resulted in over a 50% complete remission rate. Preliminary results from a randomized study have recently shown the superiority of autologous transplantation over conventional treatment for the achievement of complete remission and, perhaps, long-term survival in patients with multiple myeloma (MM).' However, these promising results do not clearly indicate the possibility of eradicating the neoplastic clone by using a single course of supralethal radiochemotherapy. In this regard, better results may be obtained by HLA-matched allogeneic bone marrow tin immunoabsorption, were cryopreserved, and used t o reconstitute bone marrow function after myeloablative therapy. The median purity of the enriched CD34' cell population was 89.5% (range, 5190 t o 94%). with a 75-fold increase as compared with the pretreatment samples. The median overall recovery of CD34+ cells and colony-forming unit-granulocyte-macrophage was 58% (range, 33% t o 95%00) and 45% (range, W O t o 10090). respectively. Positive selection of CD34+ cells resulted in 2.5-t o 3-log depletion of plasma cells and CD19+ B-lineage cells as determined by immunofluorescence studies, although DNA analysis of CDR 111 region of IgH gene showed the persistence of minimal residual disease in 5 of 6 patient samples studied. Myeloma patients were reinfused with enriched CD34' cells after myeloablative therapy consisting of total body irradiation (1.000 cGy) and highdose melphalan (140 mg/m2). They received a median of 4 x lo6 CD34+ cells/kg and showed a rapid reconstitution of hematopoiesis; the median time to 0.5 x lo9 neutrophils and t o 20 and 50 x lo9 platelets per liter of PB was 10, 11, and 12 days, respectively. These results, as well as other clinically significant parameters, did not significantly differ from those of patients (n = 13) receiving unmanipulated PBSCs after the same pretransplant conditioning regimen. In summary, our data show the concomitant mobilization of tumor cells and hematopoietic progenitors in the PB of MM patients. Positive selection of CD34+ cells reduces the contamination of myeloma cells from the apheresis products up t o 3-log and provides a cell suspension capable of restoring a normal hematopoiesis after a total body irradiation-containing conditioning regimen.
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x lo6 CD34+ cells/kg and showed a rapid reconstitution of hematopoiesis; the median time to 0.5 x lo9 neutrophils and t o 20 and 50 x lo9 platelets per liter of PB was 10, 11, and 12 days, respectively. These results, as well as other clinically significant parameters, did not significantly differ from those of patients (n = 13) receiving unmanipulated PBSCs after the same pretransplant conditioning regimen. In summary, our data show the concomitant mobilization of tumor cells and hematopoietic progenitors in the PB of MM patients. Positive selection of CD34+ cells reduces the contamination of myeloma cells from the apheresis products up t o 3-log and provides a cell suspension capable of restoring a normal hematopoiesis after a total body irradiation-containing conditioning regimen.
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(BM) transplantation: suggesting both the potential role of graft-versus-myeloma effect of allogeneic immunocompetent cells and the negative impact on relapse rate of neoplastic stem cells contaminating the autograft. In fact, it has been recently shown by gene-marking studies that autologous grafts contain clonogenic tumor cells that contribute to relapse when reinfused into the patients."."
More recently, the use of chemotherapy-primed peripheral blood stem cells (PBSCs) and cytokines has shown a more rapid hematopoietic reconstitution than has the reinfusion of BM-derived hematopoietic cells, thus reducing the incidence of serious infections and virtually eliminating mortality." Therefore, many investigators have placed emphasis on blood as an alternative source of autologous hematopoietic stem cells for autografting. However, tumor-related B cells, bearing the same idiotypic determinants of neoplastic plasma cells, have been identified in the blood of myeloma pat i e n t~, '~. '~ and they have been shown to be part of the neoplastic stem cell ~ompartment.'~.'~ Moreover, the level of circulating tumor cells in response to mobilization protocols, their relative frequency in relationship to that of normal hematopoietic progenitors, and the potential contamination of the leukaphereses are still poorly investigated. In this report, we used immunofluorescence assays to evaluate circulating neoplastic cells in patients with MM eligible for myeloablative radiochemotherapy and PBSC transplantation. Greater than 300 PB samples and leukapheresis products from 27 individuals treated with high-dose cyclophosphamide (Cy) and granulocyte colony-stimulating factor (G-CSF) were assessed for the detection of tumor cells as well as hematopoietic precursors. Moreover, we evaluated the "indirect purging" of myeloma cells provided by positive selection of circulating hematopoietic cells, characterized as CD34', and their capacity of reconstituting autologous hematopoiesis after a TBI-containing conditioning regimen.
Our results show the mobilization of tumor cells on recruitment of hematopoietic progenitor cells. However, positive selection of CD34+ cells markedly reduces, but does not abrogates, myeloma cell contamination in the apheresis products and provides a cell fraction that can be safely used for restoring normal BM function after a myeloablative therapy.
PATIENTS AND METHODS
Clinical study. Twenty-seven consecutive individuals entered in the study. The diagnosis of MM was made by using standard criteria." The protocol was approved by the University Hospital ethical committee, and each patient gave written informed consent.
Patients were treated with high-dose Cy (7 g/m2, n = 23; or 4 g/ m', n = 4) as described,Ix followed by the administration of G-CSF (Filgrastim; Neupogen, Dompt Biotec, Milan, Italy) at the dose of 5 g/kg/d subcutaneously starting on day 2 after chemotherapy and continued until the completion of PBSC collection. Once the CD34' cell count was greater than 20,00O/mL of PB, patients underwent leukaphereses using a Baxter (Rome, Italy) CS 3000 plus blood cell separator using the modified procedure no. 1 program. The small volume collection chamber, with a median volume of 58 m L , was used to reduce extracorporeal volume and platelet (Plt) collection. A median of 9 L of PB was processed through a dual-lumen central venous catheter at a flow rate of 40 to 60 mL/min to obtain a yield greater than 2 X 10' CD34' cellskg. The apheresis products (mean number per patient, 2; range, 1 to 3) showed a 95% pure mononuclear cell (MNC) fraction and resulted in a median overall recovery of 70% of MNCs and hematopoietic progenitor cells. PBSCs were cryopreserved, as previously described," immediately after their collection or subsequent to positive selection of CD34' cells (see below).
Twenty-three MM patients underwent PBSC collection as described, and IO had their circulating CD34' cells positively selected. Unmanipulated PBSC collections or CD34' cells were reinfused on day 0 after a conditioning regimen consisting of 140 mg/m2 of melphalan (day -3) and 1,000 cCy TB1 administered in single fraction (day -1). Five patients (PBSC cohort, 4; CD34' cells, 1) previously heavily irradiated on the spinal cord, received melphalan (200 mg/m2; n = 4) or busulfan (16 m a g ) and Cy (120 mgikg; n = 1) as myeloablative chemotherapy, respectively. G-CSF at 5 g/ kg/d subcutaneously was started at day + l and administered until the granulocyte count reached greater than 0.5 X lO'/L for 3 consecutive days. The primary end point of the clinical study was time to hematopoietic reconstitution, defined as the number of days to achieve a granulocyte count greater than 0.5 X 109/L and an unsupported Plt count of greater than 20 and 50 X 10y/L. All patients received a single-donor Plt transfusion when the Plt count was less than 20 X 109/L and a red blood cell transfusion for a hemoglobin level less than 8 g/dL. Patients who achieved a complete or partial remission after transplantation received a-interferon (a-IFN) subcutaneously (3 X 10' IU/m* 3 times a week) beginning at the time of full hematological recovery and continued until evidence of progressive disease.
Prepurution of PB specimens. Serial samples of PB (n = 303) were analyzed. Each patient was assessed before chemotherapy and subsequently at least 3 times a week for the presence of hematopoietic progenitors and tumor cells in PB samples. A minimum of 6 specimens, in addition to the apheresis products, were studied for each patient from day -2 to day +20 after Cy chemotherapy.
Hernatopoieticprogenitor cell assay. Samples of PB were evaluated in tissue culture assay to determine myeloid progenitor cell growth as previously described.'" Briefly, 1 X 10' low-density cells were plated in duplicate in culture medium consisting of 1 mL of Iscove's modified Dulbecco's medium (GIBCO-BRL, Paisley, UK), supplemented with 24% fetal calf serum (Sera Lab, Crawley Down, Sussex, UK), 0.8% bovine serum albumin (Sigma Chemical CO, St Louis, MO), mol/L of 2-mercaptoethanol (Sigma), 2 U of human recombinant erythropoietin (Dompe Biotec, Milan, Italy), bovine hemin 0.2 mmol/L, and 10% (vol/vol) of a selected lot of phytohemagglutinin-lymphocyte-conditioned medium. Methylcellulose final concentration was 1.1%. Granulocyte-macrophage colony-forming unit (CFU-GM), burst-forming unit-erythroid, and colonies derived from pluripotent progenitors were scored after 14 days of incubation at 37°C in a fully humidified 5% CO2 atmosphere. TO determine the number of PB CFU-cells (CFU-C) per unit volume, the number of progenitor cellsll0' MNCs was multiplied by the MNC count in the same sample.
Cell phenotype analysis. as controls. Propidium iodide (2 g/mL; Sigma) was added for the detection of nonviable cells that were excluded from analysis. After 2 washes, flow-cytometric analysis was performed on a gated population set on scatter properties by using a FACScan equipment (Becton Dickinson). A minimum of 10, OOO events were collected in list mode on FACScan software. Intracytoplasmic Ig (clg) and bromodeoxyuridine (BRDU) staining. Cells containing cIg were counted by immonofluorescence after incubation with appropriate goat antisera directed against lightand heavy-chain Ig coupled with FITC (working dilution, 1:40; Kallestad, Chaska, MN), as previously described.'* The percentage of myeloma cells in S-phase was determined by the BRDU incorporation assay." Briefly, 10 L of the stock BRDU solution (1 mmoVL) was added to the cell suspension for 30 minutes in 5% CO2 at 37°C. After 2 washes, slides were obtained by cytocentrifugation, air-dried, fixed in a mixture of methanol and acetic acid (3:1), and denaturated in 0.07 m o a NaOH for 12 seconds. For nuclear BRDU staining, the slides were first incubated with 5 L of anti-BRDU MoAb (Becton Dickinson) diluted 1:15 with PBS with 0.5% Tween 20 (Sigma) for 30 minutes at room temperature. Finally, they were treated with TRITC-conjugated antimouse Ig (Dako, Glostrup, Denmark) diluted 1:30 and antisera to light-and/or heavy-chain human Ig-FITC. Preparations were then washed overnight with PBS, and positive cells were scored with a fluorescence microscope. Large B cells bearing paranuclear "spots" of monoclonal light and heavy chain were also scored,2' because the majority of these elements incorporate BRDU and have been reported as part of the proliferative compartment in MM.*3 For the calculation of labeling index, at least 100 cells staining positively for the same light-chain isotype as the patient's monoclonal (M) component were counted. Immunofluorescence staining results were confirmed by two independent observers. The sensitivity of this assays was previously established by mixing different concentrations of RPMI-8226 myeloma cells with a standard number of PB cells and was 1: lo4 cells.
Positive selection of CD34+ cells. One or two leukapheresis products were processed to positively select CD34' cells,24 whereas an additional apheresis was cryopreserved as unmanipulated backup. The first apheresis product was stored at room temperature overnight and pooled with the second before further processing. Briefly, PBSCs were incubated for 25 minutes at room temperature with 20 pg/ mL of the biotinylated, anti-CD34 MoAb 12.8 in 150 mL of PBS containing 0.1% human serum albumin (HSA). The treated cells were washed with PBS on the Cobe Processor to remove the unbound antibody. This cellular fraction, diluted in 300 mL, was passed over the Ceprate SC Stem Cell Concentrator (Cell Pro, Inc, Bothell, WA), which contained a sterile column of avidin-coated polyacrylamide beads. After washing with 300 mL of PBS, the CD34' cells were removed from the beads by mechanical agitation and eluted with 90 mL of PBS added with heparin and 4 mL of HSA. Aliquots of the CD34+ target cells and the unbound cells were analyzed to assess the percentage of CD34' elements and the colony-forming ability in each cell fraction. The restaining was performed using an antibody (HPCA-2) directed toward a different epitope of CD34 antigen than that (12.8) used with the Ceprate Stem Cell Concentrator. After Analysis of minimal residual disease (MRD) by DNA amplijcation of CDR 111 region of IgH gene. MRD was analyzed by IgH gene amplification as previously de~ribed.'~ High molecular weight DNA was extracted from BM samples taken at diagnosis and from leukapheresis collections obtained before and after positive selection of CD34+ cells by proteinase-K digestion followed by phenol chloroform extraction as already reported.z6 Oligonucleotides were synthesized by an Applied Biosystems DNA synthesizer model 394 (Applied Biosystems, Milano, Italy). Sequences of the consensus VH primer 5'-CCGAGGACACGGCCGTGTA'ITACTG-3' and JH consensus primer 5'-AACTGCTGAGGAGACGGTGACC -3' are based on CDR I11 region VH genes*'^** and 3' ends of JH genes. Amplification was performed essentially as described.*'.*6 Briefly, 0.1 to 0.4 g of genomic DNA was added to 200 molL of each deoxynucleotide and 200 pm01 of each amplimer. A total of 2.5 U of Taq polymerase (Perkin Elmer-Cetus, Roche, Italy) was added in a 100 L of I X polymerase chain reaction (PCR) buffer. The reaction was overloaded with 15 L of mineral oil (Perkin Elmer-Cetus). PCR is a process covered by patent of Hoffman-LaRoche (Basel, Switzerland). Particular conditions were taken to avoid false results or contamination.*' Normal BM DNA was always analyzed in parallel with test DNAs as a control for contamination of reagents of PCR products. A total of 35 cycles of amplification were performed with a DNA thermal cycler 480 (Perkin Elmer-Cetus). The PCR conditions used were as follow: denaturation at 96°C for I minute, primer annealing at 58°C for 1 minute, and then chain elongation at 72°C for 1 minute. A total of 18 L of the PCR product was separated in 1.5% agarose gels (BioRad, Milan, Italy) containing 0.05 g/mL of ethidium bromide and was photographed with Polaroid 667 film (Polaroid Corp, Milan, Italy). The presence of a clonal rearrangement is indicated by a dense band, with or without a background ladder, of differently sized products generated by polyclonally rearranged B cells. The exact size, ranging between 100 to 150 bp, of the clonespecific amplification product in a particular patient can be used to follow MRD. To establish the sensitivity of our method of detection of the IgH gene rearrangement (1: lo4), DNA from a heavily infiltrated MM sample was serially diluted with DNA from normal BM MNCs before PCR amplification. Furthermore, to improve electrophoretic size separation of the bands, 20 L of the amplified product was electrophoresed on an 8% nondenaturing polyacrylamide gel and run to 250 V in a refrigerated (4°C) buffer (1 X TBE; Protean 11; BioRad). After the run, the gels were soaked with ethidium bromide, photographed at the UV light, and then were subjected to silverstaining (Silver Stain Kit; BioRad) and further photographed. The molecular weight marker (MWM) used in the electrophoretic separation was MWM V and VI from Boehringer Mannheim (Mannheim, Germany).
Statistical analysis. The results are expressed as the mean standard deviation (SD) unless otherwise indicated. Statistical analysis was performed by mean of the nonparametric paired Wilcoxon rank sum test. cin, and dexamethasone) or VAD-like therapy, and 12 individuals (52%) received both. Five patients were enrolled in the study after they had relapsed or progressed during maintenance treatment with a-IFN.
RESULTS

At
Before initiation of PBSC mobilization, circulating plasma cells were detected in all MM patients, with a mean value of 0.7% 2 0.4% (range, 0.1% to 1.8%) of MNC fraction (Table 2) . No plasma cells were actively proliferating as judged by the BRDU-incorporating assay. On Cy chemotherapy and G-CSF-induced mobilization protocol, 0.8% t 0.6% plasma cells (range, 0.2% to 2.2%) were assessed in over 300 PB samples examined. Moreover, because of the increased leukocyte count, the absolute number of tumor cells showed a 10-to 50-fold increase as compared with the baseline value. Over the same period of time, S-phase plasma cells were detected in 4 patients, with a mean value of 8.2% 2 3% BRDU' cells (Table 2) . Kinetic analysis showed a pattern of tumor cell mobilization similar to that of normal hematopoietic progenitor cells, with a maximum peak falling within the optimal time period for the collection of PBSCs. Figure I shows representative examples of concomitant mobilization of plasma cells, CD34' cells, and CFU-GM in 4 MM patients treated with 7 g/m2 (Fig lA, B, and D) or 4 g/ m' (Fig 1C) of Cy. Apheresis products from 23 patients contained 0.7% 2 0.2% of plasma cells (range, 0.2% to 2.7%; see Table 2 ). It is noteworthy that mobilized plasma cells were positive for either K or X, but not for both, and the light chain expressed was the same as that for the monoclonal serum Ig or urin protein.
In the PB of MM patients, we also analyzed the percentage, the absolute number, and the kinetics of CD19' B-cell elements bearing the monoclonal light chain. Conversely to mature plasma cells, we did not observe a mobilization pattern of CD19' cells and their absolute number increased only in 2 patients, whereas in some individuals they tend to decrease to the lower limit of detection of our immunofluorescence analysis ( Table 2 ). The percentage of CD34'/ CD19' pre-B cells was always lower than 0.1 Q (data not shown).
Ex vivo purging of tumor cells by positive selection o j CD34' cells. Twenty-three MM patients showed a good mobilization of hematopoietic progenitor cells in the PB and were submitted to PBSC collection. Contamination of neoplastic plasma cells and B cells for the whole group is shown in Table 2 . Among that cohort of patients, 10 had their circulating CD34' cells purified by the Ceprate SC concentrator, and the removal of tumor cells is reported in Table 3 . Using microscope immunofluorescence and flow cytometry analysis, a reduction of 99.7% 2 0.6% and 99.8% 2 0.3% of plasma cells and CD19+ cells, respectively, was documented after positive selection. Interestingly, the percentage of plasma cells and B cells decreased after positive selection from 0.7% ? 0.4% to 0.1% 2 0.07% and from 1.6% 2 0.5% to 0.4% 0.2%, respectively (P < .03). This calculation indicated that tumor cells did not merely behave as "innocent bystanders" during the CD34' cells purification process, and approximately 1 -log depletion of myeloma cells was caused by the procedure. An additional 2-log purging resulted from the overall recovery of only 0.8% of MNCs.
However, consistent with immunofluorescence studies, MRD was observed after stem cell purification in 5 of 6 patient samples evaluated by PCR analysis of IgH gene rearrangement (Fig 2) . The original clonal bands, identical in size to those observed in diagnostic BM aspirations, were also found in all the leukaphereses (Fig 2) .
PBSC processing datu and engraftment results. The recovery of hematopoietic progenitor cells is reported in Table  4 . The median number of MNCs processed was 6.1 X IOx/ kg with a median of 1.2% CD34' cells. After positive selection, the median MNCs, CD34' cells, and CFU-GM recovery was OX%, 58%, and 45%, respectively. The median purity of CD34' cell population was 89.5%, with a 75-fold increase as compared with that of the pretreatment samples. We found an inverse correlation between the degree of previous treatment, especially administration of alkylating agents, The results are expressed as mean t SD (range). Abbreviation: PC, plasma cells. *The results refer to the patients (n = 4) who showed circulating BRDU' plasma cells after Cy and G-CSF.
For personal use only. on September 14, 2017. by guest www.bloodjournal.org From Only patients extensively pretreated required two leukaphereses to obtain greater than 1 X lo6 CD34+ cells, which was considered the threshold dose to achieve a sustained engraftment. Myeloma patients were reinfused with a median of 4 X lo6 purified CD34+ cellskg and 5.9 X 104 CFU-GMkg and showed a rapid reconstitution of BM function (Fig 3) . The total volume of the enriched cell population ranged between 30 and 60 mL, and no sign of toxicity because of infusion of purified CD34+ cells was observed. Engraftment and supportive-care data of the study patients are reported in Table  5 and compared with those of 13 patients who received unmanipulated PBSCs after a TBI-containing conditioning regimen. The two series of patients are comparable as for prior chemotherapy, number of cells collected from the PB, number of leukaphereses, and Cm-GM reinfused (P > .l).
Both cohort of patients achieved granulocyte engraftment in a median of 10 days and an unsupported Plt count greater than 20 X 109L in a median of 15 and 1 1 days, respectively (P > .l). The median time to reach greater than 50 X lo9
Pltn was 12 and 18 days for CD34+ cells and PBSC patients, respectively. One patient in each group did not reach Plt recovery (both had been reinfused with less than 2 X lo6 CD34+ cellskg) and the patient who had received purified CD34' cells died in the peritransplant period because of interstitial pneumonia. Other clinical parameters, such as the length of hospitalization and transfusions requirement ( Table  5 ) . number of febrile days. documented infections, use of intravenous (W) antibiotics were not different between the two groups of patients (data not shown). No individuals in the CD34' cells cohort received backup PBSCs or required Plt transfusion after discharge from the hospital. With a median time from reinfusion of 12 months, we have not observed thus far any late graft failure in patients who had received purified CD34' cells. All but 1 patient reinfused with CD34' cells are actually being treated with 3 IU/m2 of (u-IFN 3 times a week as maintenance therapy.
DISCUSSION
The use of circulating hematopoietic stem cells offers several advantages over BM stem cells including a faster recov- 
ery of
Moreover, PBSC collections are generally believed to have a lower incidence of tumor involvement than BM harvest in cancer patients elegible for autografting. Consequently, PBSC transplantation is being used at many centers after myeloablative therapy for the treatment of MM patients.'.' However, recent reports indicate that steady-state circulating myeloma cells may play a crucial role in the pathogenesis of the disease.""" These cells show a heterogeneous phenotype and differentiation stage and may represent a stem cell population in myeloma.'" Moreover, the increase of circulating solid tumor cells on recruitment of PBSCs has been recently shown.30.3' Thus, the question arises as to whether the mobilization of PBSCs The results are expressed as median (range).
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POSITIVE SELECTION OF CD34+ CELLS IN MYELOMA
results in the concomitant increase of neoplastic cells in the PB of MM patients. To this end, the aims of the present study were threefold: (1) assessment of the kinetic of myeloma cells after chemotherapy and G-CSF-induced mobilization protocol and the potential contamination of the leukaphereses; (2) evaluation of the indirect purging of neoplastic cells provided by positive selection of hematopoietic CD34+ cells; and (3) the ability of the selected cell fraction to restore autologous hematopoiesis after a myeloablative radiochemotherapy.
The results presented here indicate that, in all patients with PB tumor cells under steady state conditions, the concomitant mobilization of plasma cells and hematopoietic progenitors occurs. It is noteworthy that the maximum peak of neoplastic mature plasma cells and B-lineage preplasma cells, as determined by immunofluorescence studies, fell within the optimal time period for collection of circulating CD34+ cells, and leukapheresis products were contaminated, in some cases, by a higher number of myeloma cells than hematopoietic progenitors. Conversely, as determined by intracytoplasmic Ig immunostaining, the number of normal polyclonal plasma cells in the PB did not increase, indicating that the mobilization process may be specific to the abnormal clone. Moreover, actively proliferating neoplastic elements, with an elevated labeling index, were detected in 4 patients indicating the activation of the proliferation process in response to chemotherapy and G-CSF. The relative contribution of Cy and the growth factor in this respect is still unclear. other studies found CD34' cells to be part of the neoplastic clone.40 However, it should be pointed out that reverse transcription-PCR, which has been used to detect MRD in some st~dies,~"' is an extremely sensitive technique, and the potential contamination of the CD34 cell fraction by unwanted cells should be carefully avoided. In this regard, Vescio et a14' did not find IgH gene clonal rearrangement in collections of 99.99% pure CD34' cells obtained after using the combination of two methods of purification (immunoabsorption and fluorescence-activated cell sorting). Therefore, the presence of the CD34 antigen on hematopoietic progenitors and its absence on mature myeloid cells, lymphocytes, and plasma cells suggests that anti-CD34 antibodies may be useful clinically in isolating hematopoietic precursors for transplantation in myeloma ~atients.4~ Furthermore, reinfusion of autologous CD34+ cells has been proven to reconstitute normal hematopoiesis in cancer patients treated with high-dose cher n~t h e r a p y . '~.~~ In this report, using rigorously quantitative immunofluorescence assays, we showed that positive selection of CD34' cells induced the removal of 2.5-to 3-log of both mature Recently, selection of hematopoietic CD34' cells has shown the capacity of purging 2.7-to 4.5-log of circulating myeloma cells by means of highly specific PCR analysis of clonally rearranged Ig gene using patient-specific prime r~.~~ However, it is very likely that the magnitude of initial tumor cell contamination may influence the purging efficiency. In the present study, the number of myeloma cells before stem cell selection was in the range of 10' (Table 3) , whereas Schiller et a r 3 reported a much lower tumor cell infiltration (range, 1.13 X lo4 to 2.14 X lo6 cellskg), and MRD remained only in those specimens (3 of 14) heavily contaminated with myeloma. The persistence of myeloma cells in the CD34+ cell fraction in this report, as shown in some cases by qualitative PCR analysis of IgH gene (sensitivity, 1: lo4 cells; see Fig 2) , and in other report^^'.^^ indicates that an additional purging step may be necessary to achieve a virtually tumor-free autograft." In this regard, studies to optimize myeloma cell depletion by immunomagnetic beads or cell-sorting are currently underway in our own and other lab~ratories.~~ As stated above, the clinical impact of purging with respect to relapse of disease remains to be determined in this cohort of patients and in future randomized trials.
This clinical study also provides the evidence that purified CD34' progenitors are capable of restoring BM function in MM patients treated with a TBI-containing regimen. The median time to granulocyte and platelet engraftment of 10 and 11 days, respectively, is significantly shorter than that of a historical control group of patients receiving purged or unpurged BM cells.34 Furthermore, the engraftment rate in this study is superimposable to that of patients transplanted with unmanipulated PBSCs (Table 5 and Fig 3) . Although this was not a randomized trial, the sequentially treated cohorts of patients were comparable with respect to age, prior therapy, stage of the disease, number of MNCs collected and CFU-GM reinfused, conditioning regimen, and G-CSF administration. To date, there have not been late granulocyte or Plt engraftment failure in these patients, despite maintenance treatment with a-IFN (median follow-up, 12 months). In addition, we have been conducting a parallel pilot trial on positive selection and transplantation of BM-derived CD34+ cells in resistant, relapsed lymphoma patients (Lemoli et al, manuscript submitted). The results of both stem cell enrichment (median purity of reinfused CD34' cells, 85.59 o ; enrichment factor, 131-fold) and the hematopoietic recovery (median time to neutrophil and Plt recovery, 14 and 20 days, respectively) confirmed the high degree of stem cell purification reported here and in previous reportsz43M4 and the capacity of such cell fraction to reconstitute a stable hematopoiesis. Thus, the rapid and sustained engraftment determined by reinfusion of an average of 4 X 10' circulating CD34+ cellskg and the documented depletion of tumor cells shows that positive selection produces an MM-purging effect without apparent loss of engraftment potential.
In summary, this report shows the mobilization of myeloma cells along with hematopoietic progenitor cells after Cy and G-CSF. Because Cy and cytokines (either G-CSF or GM-CSF) are widely used for PBSC collection, clinical investigators should carefully evaluate the timing of stem cells harvest and/or the use of purging techniques. To this end, positive selection of CD34' cells is able to remove up to 3-log of contaminating tumor cells from the grafts and provides a cell suspension that can be safely used as supportive therapy for patients undergoing a truly myeloablative conditioning regimen. These results may be also relevant in view of future trials involving ex vivo expansion of hematopoietic progenitor cells, gene-marking experiments, and transplantation of allogeneic, T-cell-depleted, purified stem cells.
